Arabidopsis seeds store triacylglycerol (TAG) as the major carbon reserve, which is used to support postgerminative seedling growth. Diacylglycerol acyltransferase (DGAT) catalyzes the final step in TAG synthesis, and two isoforms of DGAT have previously been identified in Arabidopsis. It has been shown that DGAT1 plays an important role in seed development because Arabidopsis with mutations at the TAG1 locus accumulate less seed oil. There is also evidence showing that DGAT1 is active after seed germination. The aim of this study is to investigate the effect of mutations of DGAT1 on postembryonic development in Arabidopsis. We carried out detailed analyses of two tag1 mutants in different ecotypic backgrounds of Arabidopsis. Results show that during germination and seedling growth, seed storage TAG degradation was not affected in the tag1 mutants. However, sugar content of the mutant seedlings is altered, and activities of the hexokinases are significantly increased in the tag1 mutant seedlings. The tag1 mutants are also more sensitive to abscisic acid, glucose, and osmotic strength of the medium in germination and seedling growth.
Germination and seedling development are critical phases in the life cycle of seed plants, during which seedlings must adapt their developmental and metabolic programs to the prevailing environmental conditions (Holdsworth et al., 1999) . Seed reserves serve as an initial carbon and energy source for seedling growth (Bradbeer, 1988) . Many seeds store oil, in the form of triacylglycerol (TAG), as the major reserve (Bewley and Black, 1994) . The biosynthesis of TAG has been proposed to take place in the endoplasmic reticulum by the action of the acyltransferases of the Kennedy pathway (Gurr, 1980; Ohlrogge and Browse, 1995) . Diacylglycerol lies at the branch point between membrane phospholipid synthesis via sn-1,2-diacylglycerol (DAG):cholinephosphotransferase and storage TAG synthesis catalyzed by diacylglycerol acyltransferase (DGAT). DGAT catalyzes the acylation of position 3 of DAG, the final step of TAG synthesis (Ohlrogge and Browse, 1995) . Two sequence-unrelated genes coding for DGAT have been cloned (Hobbs et al., 1999; Lardizabal et al., 2001) . Arabidopsis mutants with mutations at the TAG1 locus encoding the DGAT1 enzyme can only accumulate about 55% to 75% (w/w) of seed triacylglycerols of the wild type (Katavic et al., 1995; Routaboul et al., 1999) . Therefore, TAG1 plays an important role in TAG biosynthesis in developing seeds. The fact that the seeds can still synthesize more than one-half of their normal complement of TAG suggests that the DGAT2 gene or other mechanisms for TAG synthesis are also at work (Dahlqvist et al., 2000; Lardizabal et al., 2001) .
TAG synthesis mainly occurs during the seed maturation phase before the seed enters the period of desiccation (Mansfield and Briarty, 1991) . However, several lines of evidence suggest that TAG synthesis and DGAT activity are not restricted to the embryo. Developing pollen grains accumulate a large amount of TAG (Piffanelli et al., 1997) ; DGAT activity was also found in germinating soybean (Glycine max) cotyledons (Wilson and Kwanyuen, 1986) . TAG1 transcripts have been detected in many tissues in Arabidopsis, including developing siliques, flowers, germinating seeds, and young seedlings (Zou et al., 1999) . Our previous studies also detected low levels of TAG1 expression in leaves and stems, in addition to its strong expression in embryo and flowers in oilseed rape (Brassica napus; Hobbs et al., 1999) . These findings raised the possibility that DGAT activity and/or TAG synthesis may also play roles during postembryonic development of the plant life cycle. To investigate these possible roles, we have carried out detailed analyses of the previously isolated tag1 mutants: the tag1-1 (AS11) from the Columbia (Col) wild type and the tag1-2 (ABX45) derived from the Wassilewskija (WS) ecotype background, respectively. Here, we demonstrate that DGAT1 deficiency causes an alteration to carbohydrate metabolism in the tag1 mutant seedlings. In addition, both mutants display increased sensitivity to ABA (abscisic acid), sugars, and stress conditions during germination and seedling development.
RESULTS

Germination and Seedling Development of the tag1
Mutants Are More Sensitive to ABA, Glc, and Osmotic Stress
As previously described, although the tag1 mutant seeds accumulated less oil and seed maturation was delayed for nearly 1 week, no significant morphological changes were observed compared with the wildtype plants (Katavic et al., 1995) . Routaboul et al. (1999) reported that seed germination was also delayed in the tag1 mutants especially for the tag1-2. We similarly observed that germination was slower in the mutants, although the tag1-1 mutant was only delayed for about 6 h compared with the wild-type Col (data not shown). It is known that the plant hormone ABA can affect seed germination and that soluble sugar levels dramatically alter the response of Arabidopsis seeds to ABA (Finkelstein and Lynch, 2000; Finkelstein and Gibson, 2002) . Therefore, we sowed the mutant and wild-type seeds on media containing a range of concentrations of ABA or Glc. To minimize the possible environmental effects such as those of plant growth and seed storage conditions, mutants were raised side by side with the wild types, and the same age seeds were used in this study. Seeds from different batches were used in replicated experiments. Figure 1 shows that the mutants and the wild types have similar responses to ABA in germination (radicle emergence) because mutants and wild types were not inhibited by up to 1 m ABA (Fig. 1A) . However, ABA has a stronger effect on the mutants in inhibiting cotyledon emergence and seedling growth compared with wild types (Fig. 1B) . When Glc was added to the medium, cotyledon emergence and root growth were improved; however, further seedling development was compromised in the mutants. For mutants and wild types, seedling growth was arrested on medium containing 1 m ABA in the presence of 60 mm Glc. Mutants appeared to be more severely affected, as most tag1 seedlings failed to turn green on media containing as low as 0.25 m ABA, whereas wild-type seedlings were only slightly affected (Fig. 2) .
The germination potential of the mutants was not improved by added sugar ( Fig. 3A ; Routaboul et al., 1999) . On the contrary, germination was inhibited by supplying elevated concentrations of sugar, especially for the tag1-2 mutant (Fig. 3A) . For both mutants, the severity of inhibition of germination increased with increasing concentration of Glc (Fig. 3A) .
High concentrations of exogenous sugars are known to inhibit early seedling development of Arabidopsis. Wild-type seeds plated on media containing high concentrations of Suc or Glc germinate but fail to develop true leaves and have purple/white cotyledons that show little expansion (Jang and Sheen, 1994; Gibson, 2000; Laby et al., 2000) . We similarly observed that wild-type seedling development was inhibited by 330 mm Glc (Fig. 3B ). It is interesting that the tag1 mutants are more sensitive to Glc-induced seedling developmental arrest. In the presence of 250 mm Glc, over 70% of the mutant seedlings failed to develop green expanded cotyledons and true leaves, whereas wild-type seedlings were only slightly affected (Fig. 3B) .
To determine whether the increased sensitivity of the tag1 mutants to Glc and ABA was caused by the osmotic strength of the medium, seedling development of the tag1 mutants was examined by growing them on media supplemented with the same concentrations of mannitol. Germination of the mutants was found to be more severely inhibited by high concentrations of mannitol (data not shown), so it appears that osmotic stress may be the important factor in reducing germination potential rather than Glc per se. However, high concentrations of mannitol did not affect greening of the seedlings in mutants or wild types, indicating that osmotic stress alone could not induce the seedling development defect that was induced by high Glc. It is interesting that increasing the osmotic strength of the media caused by mannitol increased the seedling's sensitivity to Glc because in such conditions, 60 mm Glc can induce seedling developmental arrest that was induced by high (330 mm) Glc alone, and the mutants also showed increased sensitivity in this aspect compared with the wild types (Fig. 3C) .
The increased sensitivity of the mutants to ABA and osmotic stress suggested that the mutation may have an impact on tolerance to other environmental stress because there is evidence of crosstalk between the signaling pathways involved (Smeekens, 2000) . As expected, germination of the mutants was also more sensitive to salt and cold (Fig. 4) . It is interesting to mote that the mutants were less sensitive to Man in inhibiting germination (Fig. 4) .
Glc Metabolism in the tag1 Mutants
It is clear that the mutants are more sensitive to Glc during seedling development, therefore it was important to investigate whether the DGAT1 deficiency affected sugar metabolism. Both tag1 mutants contain significantly higher amounts of Suc in dry seeds than their corresponding wild types (only data of the tag1-1 mutant and Col wild-type are shown in Fig. 5 ), but Glc and Fru were almost undetectable. During imbibition the amount of Suc in the seeds of mutants and wild types decreased to a similar value at germination. Following germination, the Suc level in mutant and wild-type seedlings increased during the first 2 d and then decreased. It is interesting that the wild-type seedlings contained a slightly higher Suc level than did the mutant seedlings at 2d after germination (Fig. 5C ). The amount of Glc and Fru increased with seedling growth, although the wildtype seedlings contained significantly more of these sugars at all stages after germination and especially d 3 and 4 (Fig. 5, A and B) .
Because the sugar contents of the mutant seedlings were altered, we also determined the activities of a number of glycolytic enzymes in the tag1-1 mutant and wild-type (Col) seedlings at 2 d after germination. In addition, we measured the activity of UDPGlc pyrophosphorylase, which catalyzes the conversion of UDP-Glc to Glc-1-P. The results of these experiments are summarized in Table I . The activities of the hexokinases (glucokinase and fructokinase) were 3-to 4-fold higher than that of the wild type. There was little significant variation in the activities of the other enzymes measured. Similar results were obtained for 5-d-old seedlings in which the hexokinase activity was still 1.5 to 2 times higher in the tag1-1 mutants. The tag1-2 mutants also showed significantly increased hexokinase activity compared with the wild type (WS; data not shown). For seedlings grown in the presence of 120 mm Glc, the hexokinase activity was increased by about 2-fold in tag1-1 and Col seedlings, thus the difference in activity was preserved. The sugar content of 2-d-old seedlings grown on 120 mm Glc was found to be elevated about 4-to 5-fold and was very similar in mutant and wild types (data not shown).
Lipid Breakdown
The total lipid and fatty acid contents of seeds were assayed during seed germination and seedling growth on one-half-strength Murashige and Skoog medium. The TAG content of the tag1 seeds is reduced to 75% (w/w; tag1-1) or 55% (w/w; tag1-2) of the wild-type levels (Katavic et al., 1995; Routaboul et al., 1999) . The rate of lipid degradation was similar in the tag1-1 mutant and wild type, and at 2 d after germination, both sets of seedlings contained similar amounts of lipid. From d 3, the amount of total lipid increased as the seedlings grew (Fig. 6A) . The amount of storage TAG was estimated from the amount of eicosaenoic acid (20:1), which is specific for TAG (Lemieux et al., 1990) , although the mutant contains only 30% (w/w) as much eicosaenoic acid as the wild type (Katavic et al., 1995) . The storage TAG was more rapidly depleted to zero in the mutant compared with wild type (Fig. 6B) , although when compared as a proportion of 20:1 at the start, the difference is not great.
It was shown previously that DGAT1 is expressed in seedlings at similar levels to other tissues (Zou et al., 1999) , and we have found that DGAT1 mRNA is present at similar levels in seedlings from 1 to 10 d after germination (data not shown). It has previously been suggested that DGAT might play a role during mobilization of TAG by catalyzing the reverse reaction or by regenerating TAG from excess DAG and acyl-coenzyme A (CoA) generated by the action of lipase and acyl-CoA synthetase on TAG (Feussner et al., 2001 ). This could act to keep the supply of acylCoA in check with the requirement by seedling growth. However, the rate of lipid degradation in the mutant was little different to that of wild type.
DISCUSSION
Storage TAG is essential for successful seedling establishment in Arabidopsis (Hayashi et al., 1998; Eastmond et al., 2000) . DGAT catalyzes the final step of the TAG biosynthesis pathway and presumably has the highest activity during seed development, although postembryonic activity of DGAT has been demonstrated or implicated by previous studies (Wilson and Kwanyuen, 1986; Hobbs et al., 1999; Zou et al., 1999) . In an attempt to understand the effect of loss of DGAT1 activity on postembryonic development, we analyzed the previously isolated tag1 mutants in Arabidopsis (Katavic et al., 1995; Routaboul et al., 1999) . The striking effect of the tag1 mutations in WS and Col Arabidopsis backgrounds is the significantly increased sensitivity to ABA, sugars, and osmotic stress. Germination rate and seedling estab- lishment were inhibited by lower concentrations of sugars or mannitol than were required to cause the same effect in wild type. It is interesting that although a significantly higher level of sugar was observed in the mutant seeds, it did not confer increased tolerance to osmotic stress during germination. On the contrary, germination of the mutants was more severely inhibited by elevated sugar or osmotic strength of the medium (Fig. 3) . That the tag1 mutants were slightly less sensitive to Man in inhibiting germination may be explained by the fact that sugar level is higher in the mutant seeds than wild types in dry seeds and during imbibition (Fig.  5) . This is in agreement with a previous report that low concentrations of exogenous sugars may relieve the effect of Man (Pego et al., 1999) .
Although radicle emergence in the mutants showed a similar response to ABA compared with that of the wild types, cotyledon emergence and seedling growth of the mutants were more severely inhibited by ABA in the tag1 mutants (Fig. 1) . After germination, sugar levels in the tag1 mutants were found to be slightly lower than that of the wild types, possibly caused by the lower TAG content in the mutant seeds (Fig. 5) . This may explain the increased sensitivity of the tag1 mutants to ABA because sugars have been shown to have an antagonistic effect on ABA response during germination (Finkelstein and Lynch, 2000) . It has been suggested that ABA inhibits germination and seedling growth by limiting the availability of energy and nutrients (Garciarrubio et al., 1997) . Recent studies also show that although the glyoxylate cycle is not essential for germination, postgerminative growth is inhibited without an exogenous carbon supply (Hayashi et al., 1998; Eastmond et al., 2000) . However, the growth of tag1 mutants was more severely inhibited than wild type by ABA or osmoticum in the presence of low concentrations of Glc, as were seedlings grown on media supplemented with high concentrations of sugars but no ABA (Fig. 2) . In the presence of exogenous sugar, TAG breakdown is slowed and seedlings use the supplied sugar to support growth (Eastmond et al., 2000) . Therefore, the effect of reduced TAG in the tag1 mutant seeds would not become apparent in the presence of added sugar. The sugar content of wildtype and mutant seedlings grown on the Glccontaining media was greatly increased, masking the relatively small difference found on media without added sugar. Therefore, the difference of sugar levels between the mutant and wild type after germination did not explain the increased sugar sensitivity in the tag1 mutants.
The sugar-sensing mechanisms in plants is not yet well understood, and the existing models are largely derived from the yeast (Saccharomyces cerevisiae) system in which a number of transcription factors and their regulation are already known (Smeekens and Rook, 1997; Gancedo, 1998; Gibson and Graham, 1999; Gibson, 2000; Koch et al., 2000) . By overexpressing the hexokinases in transgenic plants, Jang et al. (1997) demonstrated that Arabidopsis seedlings displayed increased sensitivity to sugars and proposed that hexokinases may serve as sugar sensors in higher plants. However, the role of hexokinases in sugar sensing remains controversial (Halford et al., 1999) . We also found that increased sugar sensitivity of the tag1 mutants coincided with significantly higher hexokinase activity in the tag1 mutants compared with that of the wild types. This difference was preserved in 5-d-old seedlings when seed storage TAG is almost depleted and photosynthesis is fully in operation.
In conclusion, we demonstrate that DGAT1 deficiency alters carbohydrate metabolism in the tag1 mutants. The seeds accumulate significantly more Suc, and the activity of hexokinase is significantly increased in the mutant seedlings compared with the wild types. The altered carbohydrate metabolism in the tag1 mutants may have, in turn, resulted in the increased sensitivity of seedlings to ABA, sugars, and osmotic stress.
MATERIALS AND METHODS
Plant Material and Growth Conditions
For germination and seedling development tests, Arabidopsis ecotypes Col and WS and the tag1 (AS11 and ABX45) mutant seeds were surface sterilized with 30% (w/v) household bleach for 7 min, rinsed with sterile water at least three times, and plated on half-strength Murashige and Skoog medium (Murashige and Skoog, 1962) . To ensure a homogenous germination, plated seeds were kept at 4°C for 3 d and then transferred to a controlled environment cabinet at 23°C for germination under a 16-h light/ 8-h dark cycle.
All determinations of germination and seedling development frequencies were made at d 7 after imbibition unless stated otherwise. In the absence of a universal definition, germination was defined as the emergence of 1 mm or more of the radicle from the seed coat.
Sugar Assays
Sugars were extracted by heating triplicate samples of 10 seeds or seedlings in 500 L of 80% (v/v) ethanol in a 1.5-mL polypropylene tube at 70°C for 90 min (Focks and Benning, 1998) . The ethanol was transferred to a separate tube and the seedlings washed twice more with 80% (v/v) ethanol. The ethanol was removed under a stream of N 2 gas and once the volume had reduced to about 300 L, the remaining aqueous solvent was removed by lyophilization. The residue was dissolved in 100 L of water. To quantify the sugars, 20-L aliquots were added to 980 L of buffer containing 50 mm HEPES buffer (pH 7.0), 5 mm MgCl 2 , 2 mm NADP ϩ , 1 mm ATP, and 2 units of mL Ϫ1 Glc-6-P dehydrogenase. To determine Glc, Fru, and Suc, 5 units of hexokinase, 1 unit of phosphoglucomutase, and 5 L of a 100 g L Ϫ1 invertase were added in succession. Duplicated assays were performed, and the production of NADPH was followed using a spectrophotometer (Shimadzu, Kyoto) at 340 nm.
Enzyme Assays
To determine the activity of different enzymes during seedling development, approximately 300 mg of seedlings grown on one-half-strength Murashige and Skoog medium was harvested 2 or 5 d after germination and were transferred into 300 L of chilled (4°C) extraction buffer containing 20 mm HEPES-KOH, pH 7.0, 10 mm KCl, 2 mm MgCl 2 , 1 mm EDTA, 0.5 mm phenylmethylsulfonyl fluoride, 5 mm dithiothreitol, and small amount of polyvinylpolypyrrolidone. The subsequent manipulations were at 4°C. Seedlings were homogenized in 1.5-mL polypropylene test tubes using a motor-driving motor. Following centrifugation at 16,000g for 10 min at 4°C, the supernatant was transferred to a new tube and kept on ice. The protein content of the supernatant was determined using the Bradford method.
Enzyme activity assays were performed immediately after the above extraction. The following enzymes were assayed as previously described (Focks and Benning, 1998) : glucokinase (EC 2.7.1.1), fructokinase (EC 2.7.1.4), phosphoglucoisomerase (EC 5.3.1.9), ATP-dependent 6-phosphofructokinase (EC 2.7.1.11), pyrophosphate-dependent 6-phosphofructokinase (EC 2.7.1.90), Fru-1,6-bisphosphate aldolase (EC 4.1.2.13), glyceraldehyde 3-P dehydrogenase (EC 1.2.1.12), phosphoglycerate kinase (EC 2.7.2.3), enolase (EC 4.2.1.11), pyruvate kinase (EC 2.7.1.40), and UDP-Glc-pyrophosphorylase (EC 2.7.7.9). Different amounts of extract were used, depending on the enzyme activity, to give a linear reaction for 5 to 10 min. All assays were performed in a spectrophotometer (Shimadzu) at 340 nm.
Lipid Analysis
The fatty acid content of germinating seeds and seedlings was determined according to the method described previously (Browse et al., 1986) using triheptadecanoin as an internal standard. Fatty acid methyl esters were analyzed with an Autosampler Gas Chromatograph (Perkin Elmer, Foster City, CA) using a 50-m capillary column using isothermal separation at 190°C.
